INTRODUCTION
Deformation in geogrid-reinforced structures (GRS) is becoming an ever more important design consideration, as structures are built with increasingly tighter tolerances. First geotextiles, from the 1980s, and later geogrids from the 1990s, offer major technical, sustainable and cost benefits to civil engineering (Raja et al. 2012; Stucki et al. 2011; WRAP 2010) . Their design has been historically linked with that for metallic strips and anchors but their performance has routinely suggested they offer completely different performance . As a result, new design methods are required that consider this composite effect. As a composite structure, combining the benefits of compressively strong soil and tensile-resistant polymer-based reinforcement, there are a large number of potential factors that can influence the deformation performance of GRS. These include, but are not limited to, geometrical properties such as structural height and reinforcement length, as well as the long-term creep characteristics of the polymeric reinforcement. This paper reports on the definitions of deformation and typical ranges; gives a review of the existing analytical and empirical deformation guidance; explains the proposed numerical modelling procedure that can be used to include construction effects; and presents validation against a range of case studies; The numerical model is used to assess two methods of construction, using full height formwork and layer-by-layer formwork.
DEFORMATION IN GEOGRID-REINFORCED STRUCTURES

General
By their nature, GRS are flexible structures and as such they deform during their service life. This deformation can be defined as the action of changing shape and is typically measured relative to an outside point of reference. Typically GRS are considered as two-dimensional (2D) structures acting in plane strain where they are laterally constrained in the out-of-plane direction. These structures tend to deform outwards horizontally from the face as a result of geogrid strain, and vertically due to settlement, consolidation and vertical displacement caused by the aforementioned horizontal movement. This paper focuses on horizontal deformation of GRS, which can be classified on the basis of where it occurs in relation to the structure (Figure 1 ), as listed here.
(1) Face deformation, occurring in wrapped faced GRS as bulging, resulting from straining of the facing elements under lateral earth pressure and vertical deformation. (2) Internal GRS deformation, occurring within the body of the structure, primarily from straining reinforcement, under tensile load, or soil shearing. (3) Global GRS displacement, occurring outside the region of reinforced soil and can result in the whole structure moving forward/sliding. This paper focuses on deformation occurring within the reinforced body [(1) and (2)] and does not consider global deformation (3), assuming it can be considered by typical reinforced soil design. Distinction can be made between deformation occurring during and after the construction phase. Published data from three wrapped GRS case studies (Benjamim et al. 2007; Alexiew and Detert 2008; Ehrlich and Mirmoradi 2013) in which deformation was monitored during and after construction, indicate that the ratios of maximum construction to maximum post-construction deformation were 3 : 1, 4 : 1 and 7 : 2, respectively, showing that deformation during construction is the dominant period of internal deformation in GRS.
Design and deformation
In Europe the design of GRS is not covered by the Eurocode for geotechnical design, EN 1997 (BSI 2004 (Jones 2002) in Hong Kong, among others. These mainly limit-equilibrium-based design methods have been shown to be overly conservative in determining realistic forces and deformations in GRS Bathurst et al. 2010) . However, by considering additional factors such as toe embedment, reinforcement stiffness and compaction it is possible to achieve closer agreement (Ehrlich and Mirmoradi 2013; Ehrlich et al. 2012) . Explicit serviceability limit state (SLS) design methodologies, considering deformation are not typically included within these design documents (Scotland et al. 2012) . These methods have been adapted from theories for traditional retaining walls and do not consider the unique characteristics that the combination of soil and geogrid create, as highlighted in research by McGown and Yogarajah (1993) , Bussert and Cavanaugh (2010) and Wu et al. (2013) . In the absence of analytical models that can explain this composite effect designers typically use empirically derived charts and relationships as guidance. Some of the most popular of these deformation models are reviewed in Section 2.3.
Existing deformation guidance
There is a wide range of analytical and empirical deformation guidance available (Giroud et al. 1989; Jewell and Milligan 1989; Christopher 1993; Chew and Mitchell 1994; Wu 1994; Lee 2000; Wu et al. 2013; Allen and Bathurst 2015) . These have been briefly summarised in Table 1 . The most prominent of these is the 'K-stiffness method', first presented by Allen et al. (2003) and later updated by Bathurst et al. (2008) and more recently by Allen and Bathurst (2015) . It incorporates a number of empirically calibrated parameters that enable the calculation of maximum tension and strain deformation in each layer. These authors used a wide range of case studies and instrumented test walls to develop the method. The scope of the method covers wrapped and segmental block-faced walls, by applying a correction factor for wrapped or block-faced GRS. Bathurst et al. (2002) also present a supplementary height-normalised chart, displaying measured face deformation data for three instrumented case studies. Christopher (1993) and Chew and Mitchell (1994) offer alternative deformation models in the form of charts. Both were originally based on block-faced, geotextile-reinforced structures and cover a wide range of parameters. However neither method accounts for flexibility of the face, which has been shown to play an important factor in contributing to deformation resistance (Bathurst et al. 2006) .
Many of the leading deformation models consider similar variables, such as soil properties, geometry and reinforcement characteristics. The range of factors, displayed in Table 1 , does not include compaction and construction techniques. As shown herein (Section 4), these can have a considerable effect on total deformation.
Construction techniques
2.4.1. Overview One variable not yet included in GRS charts and design guidance is the construction method. Specifically, the construction of wrapped GRS requires some form of lateral restraint or propping, during backfilling and compaction. Typically, there are three general propping methods, which provide the lateral restraint required during placement and compaction of fill. These three are: permanent formwork (Figure 2a ), temporary full height formwork (Figure 2b ) or temporary layer-bylayer formwork (Figure 2c ). Permanent formwork, typically in the form of segmental blocks or steel mesh is extensively covered (Christopher 1993; Chew and Mitchell 1994; Lee 2000; Bathurst et al. 2006; Mirmoradi and Ehrlich 2015b ) and has therefore not been analysed in this study.
Full height temporary formwork
In this case, the GRS is constructed to its full height while laterally restrained behind a full height propped panel. This panel is then released in one action, allowing the structure to deform. Damians et al. 2015; Mirmoradi and Ehrlich 2015a) , and is commercially available and used in design practice. Plaxis 2D is a FE program that has been specifically adapted for modelling geotechnical structures such as retaining walls, tunnels and embankments, in plane strain or axisymmetric conditions. The program features preprogrammed constitutive models for soil and geogrid, and allows staged construction, where clusters of finite elements are activated or deactivated to simulate a particular construction sequence.
Soil model and input parameters
The soil for each case study is modelled using a preprogrammed constitutive model called the 'Hardening Soil (HS) Model with Mohr-Coulomb Failure Criteria' (Schanz et al. 1999 More complex models, such as the 'Hardening Soil Model with Small Strain', that allow varied soil stiffness at small strain (below 0.1%), but given typically strains in GRS range from 1 to 2% , this was unnecessarily complex, as the later sensitivity analysis shows (Section 3.4).
Following Hatami and Bathurst (2005) , the shear strength parameters: φ and c, which represent friction angle and cohesion respectively, have been obtained from plane-strain tests. The dilation angle of the soil, ψ, has been taken to obey the relationship with friction angle, introduced by Bolton (1986) . Although defined as a cohesionless soil, a small cohesion value, < 1.0 kN/m 2 , has been incorporated into each model To prevent the initial stress state from being on the tip of the yield surface. The impact of its inclusion is assessed in Section 3.4.
Geogrid
Geogrid is a complex planar material with insignificant thickness and non-linear stiffness. In the numerical model it has been simply modelled using a planar element with perfect elastic-plastic linear stiffness, defined by two parameters: combined area and elastic modulus, EA, averaged per metre width and can be obtained solely from tensile test data; as well as N p , representing the plastic threshold. In design, appropriate geogrid selection should ensure that this threshold is not reached, as this would lead to rupture failure (ultimate limit state).
Determination of EA follows the principle of compatibility, as suggested by McGown and Yogarajah (1993) , where soil strain and geogrid strain must be apportioned in selecting an appropriate secant modulus. Extensive sensitivity study of working strain levels in geogrid (Section 3.5), resulted in selecting a 2% secant stiffness modulus for each geogrid modelled, based on available tensile test data. The value selected for stiffness should be suitable to the time period considered in design, to account for the action of creep. The case studies included in this paper only consider polyester and polyvinyl alcohol geogrids, that under short-term (< 1 year) working stress conditions feature approximately linear stiffness and do not exhibit strains greater than 2%, partly due to high reduction and safety factors applied in their design process (Kaliakin et al. 2000; Allen and Bathurst 2002) . The rheological behaviour of polymeric reinforcement is more pronounced under high strain levels where stiffness softening can occur. Therefore a detailed evaluation of creep and reducing stiffness with time is beyond the scope of this study.
Geometry, boundary conditions and interfaces
The geometry of each numerical model was created to within 0.1 m of each structure. The geometry of the models was restricted to the reinforced soil section only, to highlight deformation occurring internally and on the face of each structure. A fixed boundary condition in both the horizontal and vertical directions was modelled directly below the base of the GRS. The compressibility of weak foundation has been shown to influence facing deformation in GRS (Rowe and Skinner 2001) ; however, in this analysis all three case studies selected were founded on incompressible or firm ground. To restrict deformation to the reinforced section, a horizontal (x-direction) constraint was added immediately at the back tip of the geogrids. Trial modelling of case studies 2 and 3, including backfill and embedment, revealed no noticeable difference (<5%) in deformation at the face.
The interface between soil and geogrid elements in each case was modelled rigidly with no reduction in interface strength (i.e. R inter = 1.0), as suggested for geogrids by Mirmoradi and Ehrlich (2015a) . This follows the assumption that interface shear resistance is sufficient, so that geogrid pull-out or soil-geogrid sliding does not occur. This assumption is not valid for geotextile reinforcements which typically have lower soil-interface shear strength. Assuming rigid interfaces does not allow relative movement between the soil and geogrid interfaces, and therefore all numerical model examples need to be checked to ensure maximum stress levels are below the ultimate limit state of pull-out. This can be assessed using established design practices as discussed in Section 2.2.
Construction method modelling
The construction process was modelled using a staged construction procedure in which, after defining the boundaries, the structure was built in full layers defined by the geosynthetic vertical spacing, behind a horizontal restraint. Upon completion of each layer, compaction was modelled by applying a two-stage load-unload cycle of opposing vertical distributed loads above and below each layer, as shown in Figure 3 . This method is based on the assumption by Ehrlich and Mitchell (1994) , that each wrapped layer has been compacted in thin increments (<0.3 m) and that the compactive effort throughout the layer is equal, as shown by Mirmoradi and Ehrlich (2015a) . This method does not take into account instances in which heavier compaction induces additional compactive effort in the lower layers, or where lighter compaction is achieved near the face.
Both full height and layer-by-layer construction methods were modelled using horizontal constraints on the wrapped face. These were deactivated, differently for both construction methods, to simulate the removal of formwork. In full height construction, they were all deactivated simultaneously upon reaching total height, whereas the restraint for each layer was deactivated after the in-filling of a subsequent layer.
Validation of numerical method
3.3.1. Overview To validate the performance of the construction modelling method, three differing GRS were modelled using the FE program. Their calculated deformations were compared with the measured deformation behaviour assessed in the field.
3.3.2. Case study 1: 0.8 m high model using full height construction method Deformation data from controlled laboratory tests was used to validate the numerical model. The 0.8 m high tests were undertaken at Loughborough University, UK, and consisted of two 0.4 m thick wrapped layers (Figure 4 ). They were constructed using uniformly sized sand, which was tested to have the properties displayed in Table 2 .
They used wrapped layers of polyester geogrid with a maximum tensile strength of 35 kN/m.
Each layer was lightly compacted (5 kN/m 2 ) by a handheld tamper. As the test was constructed in a confined space, the geogrid tail lengths were limited to 1.0 m and their ends were rigidly fixed to the back of the box to prevent pull-out failure.
The profile of the GRS was measured using photogrammetry through the glass-sided test box at three stages: at full height behind the full height formwork (during construction), at the end of construction (EOC).
The numerical model of this GRS used a fine mesh size, featuring 2648 triangular elements. Its construction consisted of six stages that included the infilling of each layer followed by a compaction stage, until the total height of the structure (0.8 m) was reached. The final stage of construction modelling was the deactivation of the full height horizontal constraint, causing the structure to deform horizontally (and vertically).
3.3.3. Case study 2: 3.6 m high GRS using layer-by-layer construction method This GRS was a 3.6 m high structure, consisting of six polyester geogrid layers, constructed at an approximately 65°inclination ( Figure 5 ). The GRS used imported gravel that had properties as displayed in Table 3 . It was ) by a vibrating plate. Each wrapped faced layer was constructed behind temporary wooden panels. (In the numerical model this was simulated by an immovable horizontal boundary). The numerical model of the structure featured a fine triangular mesh with 6795 elements. The GRS was founded on a firm sandy clay foundation that in the numerical model was assumed to be immovable for simplicity. An additional horizontal constraint was also added behind the reinforced soil block to prevent global deformation.
The profile of the structure was surveyed during and at the end of construction using a terrestrial laser scanner to survey approximately 10 000 indiscriminate points on the face in order to quantify the magnitude and distribution of face deformations, as discussed by Scotland et al. (2014) . The surveyed profile was compared with the modelled deformation profile at the end of construction.
3.3.4. Case study 3: 4.5 m high GRS using full height construction method A third case study was modelled using the published details of a laboratory test undertaken by Alexiew and Detert (2008) . The structure was a 4.5 m high, wrapped faced geogrid wall featuring nine layers of 80 kN/m polyester geogrid ( Figure 6 ) and was founded on the concrete floor of the laboratory. The properties of the materials used are presented in Table 4 , which has been adapted from Alexiew and Detert (2008) . Outward lateral face deformation of the GRS was monitored using 12 linear variable differential transformers (LVDTs), as it was tested post-construction, using a load plate. A surcharge of up to 500 kN/m 2 was applied over a 0.5 m 2 area, 1.0 m from its face. Case study 3 was constructed using the full height method and was founded on a concrete floor to prevent global movement. Each 0.5 m thick wrapped reinforcement layer was compacted during construction; however, as no data was available a compacting force of 40 kN/m 2 was assumed in the numerical model. The geometry of the numerical model is shown in Figure 6 , and featured a fine mesh with 10 797 triangular elements.
3.3.5. Numerical and measured deformation comparison 3.3.5.1. Overview GRS profiles from each of the three numerical models were compared with their measured profiles at the EOC and under loading (where data was available). These results were compared by assessing the capability of each numerical model to assess the maximum horizontal deformation and average deformation with height, as well as a qualitative shape assessment.
3.3.5.2. Case study 1: 0.8 m high model using the full height construction method Comparing both measured and modelled profiles (Figure 7 ), there were similarities in the deformed shape for both layers. Measured average horizontal deformation, 0.024 m, was underestimated by the numerical model by 13%; whereas maximum deformation, 0.046 m, was underestimated by 30%.
3.3.5.3. Case study 2: 3.6 m high GRS using layer-by-layer construction method The profile of the numerical model of case study 2 was compared with the measured results described by Scotland et al. (2014) in Figure 8 . Average horizontal deformation, of the face, was underestimated by the numerical model by 32%, and the maximum deformation, 0.129 m, was underestimated by 13%. Both profiles also showed higher deformation in the lower half of the GRS, where average deformation was 0.075 and 0.066 m for the measured and modelled profiles, respectively. These results were in contrast to the top half, where it was 0.030 and 0.013 m, respectively.
3.3.5.4. Case study 3: 4.5 m high GRS using full height construction method Figure 9 , displays the modelled and measured profiles for case study 3. No measured construction deformation data was given by Alexiew and Detert (2008) , so only postconstruction deformation data is compared in Figure 9 . Measured average horizontal deformation, 0.015 m, was overestimated by the numerical model by 140%, and the measured maximum deformation, 0.031 m, was overestimated by 92%.
Local parameter sensitivity
Numerical models are sensitive to the values given to input parameters. The nine constitutive parameters of the HS model and geogrid model in case study 3 (Table 4) were independently analysed using the 'one at a time' methodology. As discussed in Section 3.2, the nine Of these nine parameters, the most sensitive was the value used to represent the internal friction angle, φ of the soil. Comparing values for φ between 30°and 45°, the construction and post-construction deformation can be seen to decrease linearly as it is related with increased frictional shear strength, varying over the range by as much as 50 and 30%, respectively (Figure 10) .
The consequence of including a small cohesive shear strength component (c = 0.5 kN/m 2 ), to prevent singularity errors within the FE program, is shown in Figure 11 . Over a range of 0.1 to 0.5 kN/m 2 , it has relatively little influence (− 1.6% max. construction and + 1.3% max. post-construction deformations, respectively). Its influence on horizontal deformation disproportionately increased when c was increased to 0.9 kN/m 2 (− 29.5 and − 11.4% In the selection of the geogrid model parameters, it was assumed that there was a simple perfectly elastic-plastic relationship. The geogrid stiffness for each model was obtained using wide-width tensile tests and did not include creep, for the reasons stated in Section 3.2.3 (Figure 12 ). It showed no significant difference in affecting construction deformation between 800 and 2000 kN/m (+ 10 to − 5%), whereas post-construction deformation increased for weaker geogrids by as much as 40%. This highlights the need for careful selection of geogrid stiffness.
CONSTRUCTION METHOD ANALYSIS
Overview
In this section, the numerical modelling method was expanded to evaluate the effect of both construction methods on construction and loading deformation. Case study 3, as the most typical GRS of the three case studies examined, was adapted for use as an evaluation model. The reference properties of the evaluation model remained the (Table 4 ) and the geometry was modified for simplicity. The model height, H, was increased to 5.0 m, and reinforcement length, L, restricted to 70% of the total height, forming a GRS consisting of ten 0.5 m layers. Figure 13 displays the profiles of both numerically modelled construction methods: full height and layer-by-layer.
Comparing both methods at the EOC, the GRS constructed using full height formwork produced a less deformed structure with maximum deformation occurring in the highest layers (0.044 m). In contrast, the model using a layer-by-layer construction method features an approximately linear decrease in deformation towards the top of the structure, with a maximum deformation occurring in the lowest layer (0.062 m).
Both numerical models were subjected to a surcharge of 100 kN/m 2 acting over the crest of the structure. Figure 13 shows over 50% less additional deformation occurred when using the layer-by-layer method (0.018 m), than using the full height model (0.024 m). This provides evidence that the construction method plays an important role in determining face deformation. The layers that underwent greater deformation during construction also underwent the lowest deformation during loading. Total cumulative (construction and loading) deformation was higher in the layer-by-layer model (0.074 m) than for the full height structure (0.053 m).
Height and surcharge with construction method
The numerical modelling was extended to consider structure heights: between 2.5 and 10 m (Figure 14) . For each height, the model featured equally spaced reinforcement lengths, L, remaining equal to 70% of the height, H. Maximum construction deformation for both construction methods displayed a strongly positive linear relationship with height (0.004H ). The maximum deformation occurred in the lowest layers for all of the models. This data suggests that for the analysed case the layer-by-layer method would cause 0.030 m more construction deformation than the full height method.
Numerical modelling was also extended to include post-construction surcharges of 0 to 200 kN/m 2 . Both construction methods showed approximately linear relationships between maximum deformation and applied surcharge loading (Figure 15) . In all cases, the maximum deformation occurred in the highest layers of each model. This data suggests that GRS built using full height formwork, may deform 50% more, under a post-construction surcharge, than using the layer-by-layer method.
Construction method effect guidance
Based on the extended analysis of structure height and surcharge (Figures 14 and 15) , for wrapped GRS structures, constructed with full height temporary face support, the following guidance is presented.
• Maximum construction deformation (m):
• Maximum post-construction deformation (m):
Alternatively for GRS constructed using a layer-by-layer method:
• Maximum post-construction deformation (m): These values are provided for initial guidance only and, where possible, should be validated by further observation and numerical modelling to determine the reliability of these simple expressions.
Validation of the deformation guidance
4.4.1. Case studies In Table 5 , the proposed guidance (Section 4.3) is compared with the measured data from the three case studies described earlier in Section 3.3. The maximum measured deformation for case studies 1, 2 and 3, was 0.0462, 0.129 and 0.041 m, respectively. Using the new guidance this was estimated as 0.062, 0.074 and 0.084, respectively. All the case studies used to validate this model were based on GRS with high quality granular soils (φ > 30°). As alluded to in Section 3.4, different results will be observed for variations in soil strength, geogrid stiffness and compaction, among other properties. This guidance has been developed for vertical GRS, the most sensitive condition, and does not account for facing batter in sloping structures. Work by Bathurst et al. (2008) , suggests a non-linear reduction factor between facing batter and stress in the structure, but it is unclear how this translates to construction method deformation, without further detailed analysis.
Comparison with other deformation relationships
The deformation guidance for construction deformation (Equations 1 and 3) is in line with similar empirically based guidance (Christopher 1993; Lee 2000; Bathurst et al. 2002) . Figure 16 compares these guide-predicted construction deformations for varying heights and the parameters of case study 3 (Table 4). As described in Section 2.3, each deformation guide has been developed by considering differing variables and case studies (Table 1) , and as a result the derived deformations do Bathurst et al. (2002) provide a height-normalised, case-study-based reference. Face deformation can be estimated based on comparison with a well instrumented wrapped faced case study (GW16), which is one of three case studies.
Based primarily on GRS with wrapped facing and employing a range of variables, Lee (2000) , predicts the highest deformation, for all but the smallest structures (H < 5.0 m). Closely followed by Christopher (1993) , based primarily on the relationship between height H and reinforcement length, L.
Both models proposed in this paper (Equations 1 and 3), predict deformations between the three existing models. The deformations predicted by Equation 1 for full height construction closely follow the Bathurst et al. (2002) model. whereas for layer-by-layer construction, Equation 3 projects a larger deformation than any other model for smaller structures (<5.0 m), but drops below the Christopher (1993) and Lee (2000) models for high structures (>6.5 m). Of particular note is that all existing guidance underestimates the construction deformations for walls lower than 5 m in height when constructed using the layer-by-layer method.
DISCUSSION
5.1. Numerical modelling discrepancies 5.1.1. Geometrical simplifications A proportion of the underestimation of deformation for case study 2 (Table 5) , can be explained by the simplified initial position of the GRS under construction. The geometry of case study 2 (Figure 5 ), was not as uniform as those of case studies 1 and 3, and varied along the running length of the structure. For the purpose of this modelling a consistent angle of 65°was assumed based on the pre-construction design. This simplification excluded the geometrical imperfections present in this structure and which are common in all GRS, such as variations in inclination and small step backs between layers ( Figure 5 ).
Soil and geogrid modelling errors
Errors between the numerical model and reality can be caused by inaccurate input data for the soil and geogrid models. The sensitivity of the parameters involved was assessed in Section 3.4, and showed the most sensitive parameters to be φ, c, E 50 ref and EA. Other soil models were considered such as a linear-elastic perfectly plastic model or a soil model with different small strain characteristics, but the HS model was considered to replicate the important characteristics of granular soil behaviour that control the GRS behaviour, yet requiring parameters that can be reasonably obtained.
The calculation of deformation in FE programs also includes inaccuracies. The staged construction of numerical models in Plaxis can lead to large settlements, due to pre-displacements at the start of each stage. However the program includes a post-calculation option, 'sum-phase displacement', to ignore this and present a more accurate model. This feature was considered but it was found to have no effect on horizontal displacements and therefore it was not used in the construction method evaluation. In the calculations, the tolerated errors in the partial difference equations of the numerical model were undertaken, to an accuracy of 1%. The mesh size of the model was also considered, but showed that no significant variation (<5%) was detected when the mesh density was over 200 elements/m 2 . In FE analysis, the soils model was simulated as a homogenised continuum, which cannot consider the relative movement of individual particles. This may lead to an underestimation of movement internally, with soil particles passing through geogrid apertures. Numerical methods such as the discrete element modelling, in which individual particles are modelled as finite elements, are only beginning to be used to assess this (Wang et al. 2014) .
The modelling of simple geogrid elements in FE programs can result in residual forces in the final nodes as the geogrid is connected to the soil mesh. There are numerical programming tools which can be used to transfer stresses from these final nodes through the geogrid (Teixeira et al. 2007) . However, for the conditions considered in this particular analysis, such a tool was not considered. In addition, more advanced hyperbolic (Christopher 1993; Lee 2000; Bathurst et al. 2002) geogrid stiffness models, could have been considered to more accurately represent creep and stiffness softening (Kaliakin et al. 2000) , although the case studies and analysis considered in this study were short term.
Validity of numerical modelling approach
The numerical modelling approach was based on the reinforced soil zone, considering face and internal GRS deformation in the horizontal direction only (Section 2.1). As a result it was limited to case studies in which there was no movement outside the reinforced soil zone. The numerical model was used to model three case studies in which maximum and average wall face deformations were modelled to an accuracy of −30 to 92% and −32 to 140% of measured values, respectively. These ranges were a function of the material models selected, material parameter uncertainty, simplifications in the model geometries in comparison with the case study as constructed geometries and the approaches used to replicate the layer-by-layer and full face construction processes. However, the magnitudes of deformation, the close agreement between the shapes of the surface deformation profiles and the consistency of trends between the modelled and measured behaviours all provide justification for using the presented modelling approach to investigate the effects of construction method and trends in lateral deformations related to GRS geometry.
Case study data
The deformations measured in each case study contain varying degrees of uncertainty as they used different monitoring devices. The accuracy of LVDTs (± 0.1 mm) from case study 3 is typically higher than photogrammetry (± 5 mm) as used in case study 1 or laser scanning (± 5 mm) as used in case study 2 (Scotland et al. 2014) . However, photogrammetry and laser scanning have very high measured spatial densities, allowing the analysis of large numbers of cross-sections that do not need to be predetermined.
Deformation guidance validity
The deformation guidance (Equations 1-4) outlined in Section 4.4, has been developed based on a specific range of high quality (φ > 35°) granular-filled case studies and should not be taken out of context. There are many other factors contributing to deformational performance in GRS, such as compactive effort Ehrlich et al. 2012) , global and relative reinforcement stiffness (Christopher 1993; Ehrlich and Mitchell 1994) among others. Further work is necessary to adapt the model for these variables and application with granular fills that have low shear strength and cohesive fills.
CONCLUSIONS
The development of design methods and guidance for GRS has been historically focused on their ultimate limit states, such as pull-out, rupture and global stability failure. However, as these have become more refined, serviceability limits have become more important. Although there are many deformation databases and design charts available providing guidance on sensitivity of deformations for a range of variables, methods of construction are not currently included.
This paper presents a simple numerical model methodology (Section 3.2) for modelling two construction methods: GRS with full height temporary formwork or GRS with layer-by-layer temporary formwork. This modelling approach was validated using three granularfilled GRS case studies. Following a parametric analysis of deformation and height, simple deformation guidance was outlined (Section 4.3), showing a 0.030 m increase in construction deformation when a layer-by-layer construction method is used. In contrast, the analysis suggests 50% less deformation under load is predicted after construction using the layer-by-layer approach, in comparison with the full height construction technique. Importantly, for low wall height structures constructed using the layer-by-layer method, <5 m, the present study indicates that horizontal face deformations are underestimated by current guidance.
The use of the results from this study to provide guidance on GRS deformations following construction and under load is limited to the range of cases using high quality reinforced fill. However, the outlined numerical method, coupled with further measured data could be used to extend the guidance to include GRS constructed using marginal soils, where serviceability limit state can control design.
NOTATION
Basic SI units are given in parentheses. 
